Functional MRI (fMRI) has uncovered widespread hemodynamic fluctuations in the brain during rest. Recent electroencephalographic work in humans and microelectrode recordings in anesthetized monkeys have shown this activity to be correlated with slow changes in neural activity. Here we report that the spontaneous fluctuations in the local field potential (LFP) measured from a single cortical site in monkeys at rest exhibit widespread, positive correlations with fMRI signals over nearly the entire cerebral cortex. This correlation was especially consistent in a band of upper gamma-range frequencies (40-80 Hz), for which the hemodynamic signal lagged the neural signal by 6-8 s. A strong, positive correlation was also observed in a band of lower frequencies (2-15 Hz), albeit with a lag closer to zero. The global pattern of correlation with spontaneous fMRI fluctuations was similar whether the LFP signal was measured in occipital, parietal, or frontal electrodes. This coupling was, however, dependent on the monkey's behavioral state, being stronger and anticipatory when the animals' eyes were closed. These results indicate that the often discarded global component of fMRI fluctuations measured during the resting state is tightly coupled with underlying neural activity.
Functional MRI (fMRI) has uncovered widespread hemodynamic fluctuations in the brain during rest. Recent electroencephalographic work in humans and microelectrode recordings in anesthetized monkeys have shown this activity to be correlated with slow changes in neural activity. Here we report that the spontaneous fluctuations in the local field potential (LFP) measured from a single cortical site in monkeys at rest exhibit widespread, positive correlations with fMRI signals over nearly the entire cerebral cortex. This correlation was especially consistent in a band of upper gamma-range frequencies , for which the hemodynamic signal lagged the neural signal by 6-8 s. A strong, positive correlation was also observed in a band of lower frequencies (2-15 Hz), albeit with a lag closer to zero. The global pattern of correlation with spontaneous fMRI fluctuations was similar whether the LFP signal was measured in occipital, parietal, or frontal electrodes. This coupling was, however, dependent on the monkey's behavioral state, being stronger and anticipatory when the animals' eyes were closed. These results indicate that the often discarded global component of fMRI fluctuations measured during the resting state is tightly coupled with underlying neural activity.
cortex | electrophysiology | local field potential | functional connectivity | monkey T he mammalian cerebral cortex is subdivided into specialized regions for various cognitive functions, such as the processing of sensory stimuli, memory, and the execution of movements. This functional specialization notwithstanding, the brain does not cease to show pronounced dynamic activity in the absence of cognitive or sensory stimulation. Significant ongoing spontaneous activity has been demonstrated using optical (1, 2) , electrophysiological (3) (4) (5) , and functional imaging (6, 7) techniques in several species under a variety of behavioral states. FMRI allows for visualization of large-scale, spatial patterns of such intrinsic activity, which is achieved by mapping patterns of activity covariation between brain regions. The temporal correlation between fluctuations in different regions is then often taken as a measure of "functional connectivity" between the corresponding brain areas (8) (9) (10) (11) . These fluctuations typically exhibit their highest intervoxel coherence at low temporal frequencies (<0.1 Hz) and can be observed during alertness (12, 13) , sleep (14, 15) , light sedation (16) , and general anesthesia (17, 18) . Experiments are beginning to address the spatiotemporal characteristics of these spontaneous fluctuations in animal models (19) (20) (21) , with initial studies in macaques suggesting a human-like pattern of functional connectivity (7, 22) .
In humans, spontaneous activity is typically investigated in the so-called resting state, a term that is only loosely defined and which typically amounts to a subject lying in the scanner without an explicit stimulus or task. Under these conditions, analysis of spatiotemporal coherence of fMRI activity reveals several distinct domains of correlated activity in the brain, sometimes described as networks (23) (24) (25) . These include a so-called default-mode network (10) , attentional networks (12) , networks in visual (26, 27) , auditory (28) , and somatomotor (6, 29) cortex, and networks including the thalamus (30), cerebellum (31) , and basal ganglia (32) . Although fMRI activity covariation can be attributed to many factors, it is generally ascribed to neural activity stemming from known anatomical connections (33, 34) and, as such, appears to be fundamental to the brain's functional organization.
In the course of investigating functional networks, it is customary to first remove the contribution of so-called global signal fluctuations. These slow undulations affect large swathes of the brain and stem in part from nonneural sources such as instability in the MR measurement and instability in heart rate and respiration (35) (36) (37) . The mathematical removal of these global signal fluctuations can sharpen stimulus responses and increase the visibility of functional networks (38) ; however, such data processing must be applied with caution, as global signal regression can profoundly affect the spatial pattern, and even polarity, of the measured correlations (39, 40) . In addition to the contribution of nonneural sources, some aspects of spontaneous fMRI fluctuations appear to arise from underlying neural activity (4, 35, (41) (42) (43) . In particular, electrophysiological studies in both humans and animals point to slow fluctuations in high-frequency "gamma" local field potential (LFP) power (>30 Hz) as exhibiting spatial coherence over long timescales (4, 42, 43) , with some evidence suggesting that this coherence is strongest between functionally related areas (42) . Recently, a strong link between spontaneous fMRI fluctuations and neural activity, including both gamma-range LFP and spiking, was demonstrated directly in a study simultaneously measuring electrophysiological and fMRI signals in the anesthetized monkey (41) .
Here we show, using combined LFP/fMRI measurements in awake monkeys at rest, that spontaneous neural and fMRI signals are not only correlated but that the neural signal from a single cortical site is coupled to global fMRI fluctuations over large swathes of the cerebral cortex. We found such global coupling with electrodes in the occipital, parietal, and frontal lobes, with consistent correlation found only for certain LFP frequencies, in particular those in the upper gamma frequency range . These findings demonstrate that global signal fluctuations commonly observed in human resting-state fMRI data can be directly linked to neural activity fluctuations in the cerebral cortex.
Results
Three female rhesus macaque monkeys (A, V, and S) were tested in a 4.7 T vertical scanner (Bruker BioSpec 47/60) using standard echoplanar imaging (EPI) fMRI sequences. Each monkey was implanted with one to three arrays of MR-compatible multicontact electrodes (NeuroNexus Technologies), allowing for the measurement of neural signals during the fMRI sessions (Methods). The animals were trained to sit quietly in the scanner, having been previously acclimated to the scanner environment, and had no particular behavioral requirements. Together, the animals participated in a total of 67 combined electrophysiology/fMRI runs, with each run lasting 30 min, over a period of roughly 1 year. We were primarily interested in the spatiotemporal covariation between ongoing neural signals measured with the implanted electrodes and the ongoing hemodynamic signals measured with fMRI.
Correlation as a Function of LFP Frequency Range. A previous study (41) showed strong correlation between the fMRI signal measured in V1 and LFP power in the high gamma (40-80 Hz) frequency range. To examine fMRI correlation with other bands of the LFP spectrum, we estimated LFP power uniformly across frequencies between 2 and 100 Hz by computing the fast Fourier transform (FFT) of the LFP signal (see SI Text). Comparing the slow temporal variation in power of each of these frequencies with that of the fMRI signal from a region of interest (ROI) a few millimeters away from the V1 electrode (Fig. 1A) revealed the LFP frequency dependence of this correlation ( Fig. 2A) . Specifically, the data demonstrated three broad frequency domains in which the LFP differed markedly in its relationship to the fMRI signal: (i) a low-frequency band (2-15 Hz) showing a strong positive correlation to the fMRI signal, (ii) a middlerange-frequency band (15-40 Hz) with a variable and slightly negative correlation, and (iii) a high-frequency band (gamma, 40-80 Hz) that showed a consistent positive correlation. These differences in correlation levels could not be attributed to signalto-noise differences based on the frequency distribution of LFP power, because its 1/f distribution ( Fig. S1 ) would predict lower signal-to-noise in the gamma range than in the middle range. Cross-correlation functions from the band-limited power (BLP) (Methods) computed over the three bands are shown in Fig. 2B , with data shown separately for each monkey. In the highfrequency band, there was a consistent correlation between the V1 LFP and fMRI signals, with a mean peak correlation of between 0.2 and 0.3 for each of the three animals. The time course qualitatively resembled the hemodynamic impulse-response function (44, 45) , peaking when the fMRI signal lagged the neural signal by ≈7-8 s, indicating that events in the fMRI signal followed those in the neural signal. Based on the length of the time series, the threshold of spurious correlations was 0.07 (t test, P < 0.05). Responses from the other frequency bands also showed significant correlations to the fMRI signal; however, in contrast to the high-frequency band, the strength and polarity of their correlation differed between the three animals. In what follows, we focus on the high-frequency gamma LFP and its correlation with the fMRI signal; data from other frequencies are presented in SI Text.
Widespread fMRI Correlation with Gamma-Range Power. The analysis described above revealed a consistent relationship between the high-frequency LFP and the fMRI signal from the ROI selected a few millimeters away from the electrode. To examine the spatial distribution of this relationship, we separately computed the cross-correlation of the gamma power (40-80 Hz) with each voxel inside and outside the brain, and displayed the results as unthresholded spatial correlation maps over the entire field of view. The result for one session in monkey A is shown in Fig. 3 , which reveals a strong correlation not only near the electrode but extending over much of the cortex of both hemispheres (see Figs. S2 and S3 for similar results in monkeys V and S). To assess the significance of these maps, we adjusted the probability of spurious correlations using the Bonferroni method, providing a conservative threshold for spurious correlations of 0.18 (t test, P < 0.05, corrected). The temporal evolution of this spatial pattern, corresponding to different lags in the cross-correlation function, is shown in Fig. 3B . In that figure, the data for the cerebral cortex are plotted on the surface of a 3D reconstruction of the brain for this monkey (see Figs. S2B and S3B for monkeys V and S). The correlation of the fMRI signal with the low-frequency LFP power (2-15 Hz) showed a similar widespread spatial distribution (Fig. S4) , suggesting that this widespread covariation is not restricted to the gamma frequency range. Strong correlation was restricted to the cortex. It was not consistently evident in subcortical structures such as the thalamus, and was much lower for a region of interest in the white matter (Fig. S5) .
Similar widespread correlations between LFP power and fMRI activity were observed when the neural signal was obtained from cortical areas other than V1. Fig. 4A shows the mean correlation between gamma-range LFP and fMRI over the entire brain for three electrodes implanted far away from area V1. The LFP signals from the parietal cortex, frontal cortex, and area V4 bore a similar spatial pattern of correlations to the cortical fMRI signal fluctuations as those measured in V1 (the absence of correlation in the occipital lobe of monkey S is due to a magnetic susceptibility artifact in the raw images stemming from the implants). Furthermore, the frequency dependence of this correlation was also similar (i.e., Fig. 4B vs. Fig. 2B ). Interestingly, the LFP/fMRI correlation in occipital lobe voxels was just as strong with the frontal and parietal electrodes as with the occipital electrodes (see frontal electrode correlation map in Fig. S6 ). This finding highlights the global nature of the LFP/fMRI correlation. Note that the measured posterior-to-anterior gradient reflects the intensity gradient of our radio-frequency (RF) coil, which was optimized for the occipital lobe (Fig. S7) . As a result, it is likely that the actual homogeneity of the global correlation is considerably higher than is apparent in Figs. 3 and 4 .
State Dependence of LFP/fMRI Coupling. Finally, we examined the time course of the high-gamma correlation with fMRI activity in V1, and related it to the animals' state of alertness, which was gauged by the scoring of an infrared video camera feed monitoring the monkey's face throughout the experiment. For the two animals that consistently showed periods of eye opening and closure during the experiments (monkeys A and S), we compared the strength of LFP/fMRI correlations for these periods within a session and between sessions, taking eye opening and closure to indicate the level of alertness. This analysis revealed that the strength of the correlation between the fMRI signal and highfrequency LFP was not constant, but instead changed markedly over time. Fig. 5A shows a running correlation between the two signals for one session in monkey A, computed between the electrode in area V1 and the mean fMRI signal in the ROI (see inset). This analysis revealed that the strength of the correlation varied substantially over a period of several minutes. These changes could not be ascribed to changes in the overall power of the regional cerebral blood volume (rCBV) or LFP signals, which remained similar throughout (Fig. 5B, top and middle) . However, the change in correlation strength did correspond to the monkey's state of alertness. Specifically, the correlation strength was highest when the eyes were closed, and fell to near zero when the eyes were open (Fig. 5B, bottom) . This change in amplitude was highly consistent across sessions in monkey A (although not in monkey S), whose mean correlation peak was 0.3 during periods of closed eyes but fell to less than 0.1 when the eyes were open in the same sessions (Fig. 5C ). Aside from the amplitude, another feature of the crosscorrelation function depended on the animals' alertness. Namely, during periods of eye closure, there was a significant negative correlation at negative time lags, giving the function a distinctly biphasic shape in both monkeys. The significant correlation at negative lags suggests that some aspect of the vascular response consistently preceded, and therefore could not be caused by, the corresponding neural events. The basis of this finding is not understood, and it is possible that it reflects higher-level temporal coordination of the LFP and fMRI signals when the eyes are closed, perhaps involving the parallel control of blood flow and cortical activation level.
Discussion
The present results demonstrate a widespread correlation of the gray matter fMRI signal to LFP power sampled from a single position in the cerebral cortex. This effect was seen when the cortical microelectrode was located in the primary visual cortex or elsewhere. The correlation of the low-and high-frequency ranges of the LFP to the rCBV signal was positive, whereas that of the middle range was variable. The tight link between the spontaneous hemodynamic signals and the high-frequency LFP is consistent with previous studies (41, 46) . In addition, the low and high LFP frequency bands showing positive correlation with the spontaneous fMRI signal in the present study are similar to those previously observed to carry mutually exclusive information about a complex visual stimulus in the primary visual cortex, suggesting that they reflect distinct types of neural events (47) . For the high-frequency range, but not the low one, the lag of 7-8 s of the fMRI signal behind the high-frequency LFP is suggestive of a causal relationship, where a given neural event leads to a corresponding hemodynamic response. It will be of great interest to understand the apparently non-or inversely causal relationship between the two signals in the case of the (i) low (2-15 Hz) LFP frequencies and (ii) high (40-80 Hz) frequencies during periods of eye closure.
Global Signal Removal. Resting-state fMRI studies routinely remove the spontaneous blood oxygenation level-dependent (BOLD) fluctuations common to large regions of the brain to focus on covariation within so-called functional networks (12, 48) . The assumption underlying this data-processing step is that global fMRI fluctuations are caused by nonneural factors, which have been shown to contribute to a portion of the variance (40) .
However, our data demonstrate that a significant portion of the global signal time course is directly linked to neural activity. This finding has implications for the interpretation of functional networks, and especially for negative (anti-) correlations observed between different functional networks following global signal removal (39, 40) . Although it may still be appropriate to remove the shared component in some cases to focus on differences in correlation strength, the present findings show that a portion of the global time course is linked to neural activity, and the results of such analyses must therefore be interpreted with caution.
In our measurements, we found that the mean cross-correlation between the LFP and the fMRI signal peaked at about 0.3 in the gray matter, implying that about 10% of the variance in the fMRI signal could be explained by fluctuations in neural activity (corresponding to the square of the correlation coefficient at that time lag). To interpret this correlation magnitude, and to consider what might account for the remainder of the variance, it is important to keep in mind that the LFP and rCBV are fundamentally different types of signals that bear a complex relationship to one another, and that multiple factors serve to lower the measured correlation values. Even under optimal conditions, where the fMRI and neural signals are driven by a strong visual stimulus in a block design, the mean coefficient of determination between them (i.e., fraction of explained variance) was just above 50% (49) . During spontaneous activity, multiple factors serve to further decrease the signal correlation. First, any causal connection between the extracellular potential and the fractional blood volume is at best indirect, mediated through any of a number of neurovascular coupling mechanisms whose transduction may be inexact and nonlinear (50) . Second, our neural analysis was unlikely to perfectly isolate those processes that drive changes in the rCBV; it is likely that dissecting the LFP into frequency bands is but a crude means of isolating particular types of stochastic (rather than periodic) neural events. Third, other physiological factors, such as changes in blood pressure and heart rate, are also known to contribute to the overall variance of the rCBV signal but are not correlated with the LFP signal (35) . Finally, the sluggish hemodynamic responses to neural events are necessarily smoothed and diluted over time. Each of these factors would have the effect of causing a mismatch between measured rCBV and LFP power signals and thereby diminishing the measured peak correlation value. These issues notwithstanding, the shape and approximate magnitude of the cross-correlation was consistent between monkeys and across areas, and was also specific to the gray matter of the cerebral cortex.
Implications for Neurovascular Coupling. Our observation of nonstationarity in the correspondence between the fMRI signal and the underlying neural activity (Fig. 5C ) has implications for the understanding of neurovascular coupling. The neurophysiological basis of the fMRI signal has been studied almost exclusively in the context of the response to a stimulus, and has revealed that fMRI responses are tightly linked to neural activity, and particularly synaptic activity thought to be reflected in the LFP (44, 46, 51) . At the same time, there is growing consensus that the re- lationship between the fMRI signal and the underlying neural activity is a complex one, because numerous physiological factors contribute to the modulation of microvasculature (50) . Indeed, a recent study in monkeys found that vascular responses in the primary visual cortex could be observed in the absence of significant local neural correlates (52) . Our findings demonstrate that neurovascular coupling is itself dynamic and subject to behavioral state (see also ref. 53 ). This adds to recent work showing that correlation patterns in both fMRI (22, 26) and neural (42, 54) signals vary as a function of behavioral state.
Possible Origin and Significance of Resting-State Fluctuations. A possible implication of the coupling between local LFP and global fMRI fluctuations is that the LFP signals are themselves also correlated at a global level. Indeed, widespread coherence in the fluctuations in high-frequency LFP power between cortical sites has been reported previously (4, 43) , with indications that these coherent fluctuations show some functional specificity (42) . It is natural then to ask: What drives these slow neural fluctuations in the cortex, and what is their purpose? One possibility is that the entire cortex receives neurochemical input from subcortical nuclei, such as the ascending reticular activating system, leading to widespread vascular responses via local neurovascular coupling. Alternatively, spontaneous fluctuations could have their genesis in the cortex itself, perhaps taking the form of spatiotemporal waves upon the cortical sheet in a manner analogous to cortical slow waves (55) . Finally, the neural and vascular responses could be modulated by a common input, either via parallel innervation or the release of factors that are both neuroactive and vasoactive. Whether such fluctuations serve to optimize the functionality of the cortex through periodic changes in excitability, to regulate the brain's metabolic load, or to reinforce existing functional connections, is presently a matter of speculation.
Determining the purpose and consequences of intrinsic events may prove to be of high importance for understanding the brain's most fundamental physiological principles. Converging data suggest that intrinsic activity, as opposed to sensory processing or motor execution, accounts for the majority of the brain's large energy consumption (56) (57) (58) . It is intriguing to consider that synchronous global changes in neural activity, such as those pointed to in the present study, contribute significantly to this consumption.
Methods
Subjects and Testing. All procedures followed National Institutes of Health guidelines, were approved by the Animal Care and Use Committee, and were conducted with great care for the comfort and well-being of the animals. A total of 67 experimental runs (23, 27 , and 17 runs in monkeys A, V, and S, respectively) were collected. Seven runs in monkey A, 19 runs in monkey V, and 4 runs in monkey S were excluded from further analysis, because the data did not show a consistent relationship between the neural and fMRI signals. Although this could reflect a genuine absence of physiological correlation in those sessions, post-hoc analysis revealed that the absence of any correlation was possibly due to (i) insufficient monocrystalline iron oxide nanoparticles (MION) concentration in the blood (in 8 excluded runs), (ii) poor LFP data quality, possibly caused by head movement artifacts (in 10 excluded runs), and (iii) an LFP-fMRI data synchronization problem (in 7 excluded runs); for the remaining 5 excluded runs the problem could not be determined. Apart from eye movements, no other physiological parameters were monitored.
Neurophysiological Recordings. Recordings of the local field potential from the implanted electrodes were conducted inside the scanner bore. Activity was recorded using an MR-compatible 32-channel amplifier with an input range of 16 mV (BrainAmp; Brain Products) and then passed optically out of the scanner bore. The amplifier was equipped with a 16-bit A/D converter, and sampled the signal at 5 kHz and a resolution of 500 nV. The signal was high-pass-and low-pass-filtered at 0.5 and 1,000 Hz, respectively. During simultaneous acquisition, the scanner was synchronized to the electrophysiological data via a brief digital pulse delivered at the beginning of each volume acquisition (BrainAmp; Brain Products).
MR Data Analysis. Functional (EPI) raw images were converted from the generic Bruker into the common Analysis of Functional NeuroImages (AFNI) data format. All images of a scan were realigned to correct for motion artifacts using a custom-written algorithm (Robert Cox, Scientific Statistical Computing Core, NIMH, Bethesda, MD). Functional data were registered to the corresponding high-resolution anatomical scan (Modified Driven Equilibrium Fourier Transform [MDEFT]) acquired before surgery using the analysis package mrVista (http://white.stanford.edu). Each voxel's time course was converted into units of percent change by first subtracting and then dividing by the mean of its time course.
Neuronal Data Analysis. Data were preprocessed using Vision Analyzer Software version 1.05 (Brain Products). Data were band-pass-filtered at 2-80 Hz, down-sampled to 200 Hz, and further analyzed in MATLAB (http://www. mathworks.com). Only segments of the LFP recorded during the 1-s gap between volume acquisitions were considered for analysis (i.e., none of the LFP signal obtained during 1.6-s periods of MR image acquisition was analyzed; SI Text). Segments containing clear movement artifacts were removed by an automated algorithm. Within each 1-s time window, the frequencyspecific power was computed in two ways. First, using the FFT, the signal magnitude at all frequencies (2-100 Hz) was computed for each segment (i. e., for each repetition time; TR). For each frequency and time point, the magnitude estimates thus formed a family of time-varying signals at a sampling rate of the TR (albeit computed using the gap period only). This timefrequency LFP power matrix (i.e., spectrogram) served as the LFP signal representation that was then correlated with the rCBV (Fig. 2A) , with the temporal cross-correlation of each frequency computed independently. Second, based on the zones of high and low correlation observed in this first approach, analysis then focused on three frequency ranges (Fig. 2B) . The LFP signals were band-pass-filtered using a second-order Chebyshev filter into the following frequency bands: low (2-15 Hz), middle , and high (40-80 Hz), and then rectified. The mean over each segment was then computed. This analysis provided three estimates of time-varying bandlimited power (BLP, or more precisely, the root-mean-square of the frequency-band-limited voltage).
Correlation of Neurophysiological and fMRI Signals. The time course of the neural signal measured from the electrode (either in the form of time-varying FFT magnitudes or BLP estimates) was evaluated for all voxels inside and outside the brain. Given that a certain neural event is likely to be associated with a hemodynamic event occurring later in time (owing to the nature of the hemodynamic response function), we computed the cross-correlation function between the fMRI and electrophysiological signal at lags up to ±39 s (15 TRs). Initial analysis showed that the strongest correlation peaks (for the gamma range) were found at lags between 5.2 and 7.8 s. The value of this peak was taken as a measure of the correspondence between the electrophysiological and (inverted) CBV signal at voxels, and provided spatial maps of spontaneous activity. Unthresholded correlation coefficients were then rendered onto a 3D reconstruction of the anatomical scan for the three monkeys individually (mrVista). For the cross-correlation plots, mean voxel time courses were computed from a region of interest in each monkey. This ROI consisted of nine voxels in a sphere, corresponding to 30 mm 3 of gray matter cortex near the V1 electrode position. A control ROI was located in the white matter.
Information regarding the surgical procedures and MR scanning details is provided in SI Methods.
